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ABSTRACT. The use of non-destructive methods guaranteeing high standards of accuracy,
speed, simplicity of use, and low costs may be crucial during judicial inspection aimed to
reconstruct the spatial arrangement of crime scenes. Three-dimensional (3D) laser scanning
and structured blue light scanning are two modern and advanced technologies widely used
in many sectors of the sciences, included forensic sciences. Limiting itself to forensic
applications, these technologies may be successfully used for acquiring point clouds in
3D space and reconstruct 3D virtual models of large-, medium-, and small-scale forensic
scenarios. These two technologies were applied for reconstructing 3D virtual models from
real crime scenes and geological evidence, respectively. Different investigative places and
items were investigated and discussed. The research evidenced the advantages of using
these modern techniques in order to assist investigators in: i) providing 3D virtual models
for reconstructing even complex crime scenes occurred outdoor; ii) reconstructing of the
dynamics of events, and iii) individuating possible interactions between the actors of the
scene and the surrounding places.

1. Introduction

In complex crime scenes, occurred outdoor in the countryside, a multi-disciplinary
approach (Cecchi et al. 2022; Baldino et al. 2023a; Byrd and Sutton 2023; Somma et al.
2023b) in the study of the territory and physical evidence may be crucial for the successful
results of criminal investigation (Picozzi and Intini 2009; Saferstein 2017). Experts involving
criminalistic fields (Carella Prada and Tancredi 2010; Chen er al. 2021), such as forensic
geology (Ren et al. 2018), engineering (Reed 2001), botany (Morabito, Mondello, and
Somma 2023; Morabito and Somma 2023), and entomology (Byrd and Sutton 2023;
Somma, Sutton, and Byrd 2023) may work in team assisting coroners and anthropologists
(Christensen 2004) for providing useful data on the characteristics of the places and biotic
and abiotic components of the environment (Murray and Tedrow 1975; Lombardi 1999;
Ruffell and McKinley 2008; Somma et al. 2018; Caccianiga et al. 2021; Donnelly et al.
2021; Fitzpatrick and Donnelly 2021; Spoto, Somma, and Crea 2021; Somma 2022; Somma
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and Costa 2022; Marra 2023; Marra, Di Silvestro, and Somma 2023; Somma 2023a,b,c;
Somma et al. 2023a,b; Somma and Costa 2023; Somma and Maniscalco 2023; Somma
et al. 2023c; Somma, Sutton, and Byrd 2023; Spoto 2023; Spoto, Barone, and Somma 2023;
Tagliabue et al. 2023). In particular, forensic geologists may need the involvement of experts
in forensic engineering or physics to be assisted in the reconstruction of three-dimensional
(3D) virtual models of the landscape or geological objects of interest. The use of this type of
reconstructions is increasingly among experts in forensic sciences and police forces (Mangi,
Khan, and Jatoi 2020) and the laser and structured blue light scanning are the most common,
non-destructive, and repeatable 3D technologies.

The 3D laser scanning is a technology (Flor 2011; Komar, Davy-Jow, and Decker 2012;
Almerich-Chulia and Moreno-Puchalt 2022), firstly applied in the field of the earth sciences
(Telling et al. 2017) for reconstructing the spatial features of the rocky outcrops, quarries,
landslides, slopes (Guo et al. 2022). Successively, it was used in many other sectors, such
as architecture (C. Wu et al. 2021), archaeology (Barrile et al. 2022), cultural heritage
(Luhmann et al. 2019) , industry (Cucinotta et al. 2018; Mohamed 2018), civil engineering
(T. H. Wu 1993; Chias et al. 2019), ergonomic studies (Barberi et al. 2023), and forensic
sciences (Park er al. 2018; INTERPOL 2023). Another technology used in forensic science
that takes advantage of laser scans is the confocal microscope for the analysis of cartridge
case (Puleio et al. 2020). Limiting itself to forensic applications, the laser scanning has
been successfully used for large-scale scenarios, as a tool for surveying large post-disaster
areas (Olsen and Kayen 2012), medium-sized scenarios, such as indoor crime scenes (Ebert
et al. 2014), or small-sized scenarios, such as the detail of a trace related to a bite mark
(Naether et al. 2012), or the Blood Pattern Analysis (Yokoi, Aizu, and Uozumi 2018; Singh,
Gupta, and Rathi 2021).

Laser scanning is used for accurately capturing in short times large amounts of data (point
cloud), which can be used to create detailed models of crime scenes for later reconstructions
and analyses (Pavliuk 2018). This technique may also be used for creating virtual crime
scenes and bodies for training purposes in the field of biomedical (Puccini 2003) and
forensic sciences (Baldino et al. 2023b; Somma et al. 2023a). The 3D structured blue light
scanning is a relatively recent technology. It is based on projecting a grid-like pattern of
structured light onto the surface of the target to scan, emitted by a high-intensity source of
blue light. This latter has a shorter wavelength than white light, which allows for higher
spatial resolution and measurement accuracy. The technology has several advantages over
other 3D scanning techniques, including high measurement accuracy, the ability to acquire
objects of different shapes and sizes in short time, and to detect even the darkest or most
reflective surfaces. Due to these advantages, it has become an essential tool for many
3D sensing applications and a popular technology in various fields, such as engineering,
including rapid prototyping (Cucinotta, Raffaele, and Salmeri 2021a; Gonzalez-Merino et al.
2021; Barberi et al. 2022), robotics, quality control, manufacturing, design, architecture,
archaeology, cultural heritage conservation, medicine, and many others (Brown 2000).

The usage of 3D scanning technologies offers a groundbreaking approach that enhances
earlier imaging methods, such as Computer Tomography (CT) and Magnetic Resonance
Imaging (MRI) scans, which are already well-established in forensic procedures (Carew
and Errickson 2019). This allows for a more accurate representation and preservation
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of data that closely resembles reality. Unlike prior techniques, 3D scanning enables on-
site capture, providing three-dimensional resolution and the capacity to create lifelike
models. In comparison to photographic and two-dimensional information, three-dimensional
reproductions offer a significantly higher degree of realism. This is achieved by concurrently
collecting data from both the victim’s body and the crime scene in 3D space, enabling the
simulation of interactions within the environment (Baldino et al. 2023b). Undoubtedly, this
paves the way for future virtual realities and the emerging "metaverse" which is increasingly
influencing technological research, encompassing biomedical fields as well.

In forensic science, Life Cycle Analysis (LCA) and laser scanning can be combined
to evaluate the environmental impact of different forensic techniques and to identify op-
portunities for improvement (Barone, Cucinotta, and Sfravara 2017; Cucinotta, Raffaele,
and Salmeri 2021b; Cucinotta et al. 2021; Prestipino et al. 2021). For example, LCA can
be used to evaluate the environmental impact of traditional forensic techniques (such as
fingerprinting, DNA analysis, and ballistics) and compare them with newer techniques (such
as laser scanning).

The present research reports the results of the application of these 3D technologies in
five real case studies concerning geological investigations carried out for a kidnapping case
occurred outdoor, in the countryside. The research was aimed to evidence the possible
advantages of using the afore-mentioned modern techniques, in order to assist investigators
and coroners in criminal investigations.

2. Materials and methods

Two event scenes (case studies 1 and 2), two places of investigative interest (case studies
3 and 4), and one specimen of investigative interest (case study 5) were investigated in
occasion of a case for which some of the authors were uncharged as experts and auxiliaries
by the judicial authority.

The sites of case studies 1-2-3-4 were investigated in the field by means of laser scanner
(Figure 1a), in order to acquire the clouds of points for reconstructing the related virtual 3D
models.

In both technologies above mentioned, markers are used to align scans made from
different angles so that the three-dimensional model can be generated (Cucinotta, Raffaele,
and Salmeri 2019, 2020; Lo Giudice et al. 2022) .

The technology of laser scanning consists in detecting the spatial coordinates of a point
cloud by launching a laser pulse and measuring the elapsed time until its reflected pulse
returns (the so-called flight time) (Ogawa and Hori 2019) (Figure 1b). A moving head
(Figure 1a), with two degrees of freedom, is capable of measuring hundreds of thousands of
points in space, detecting their relative distance. The moving head is fixed on a tripod fixed
to the ground (Figure 1a). The technology used by the laser scanner is the LiDAR (Light
Detection And Ranging), which uses a Time-Of-Flight (TOF) to acquire up to 360,000
points per second. This allows to generate highly accurate point clouds, where the accuracy
depends on the distance between the acquisition station and the surveyed target (Nelis
et al. 2018). Before starting the scan, the laser performs a photographic overview. The
scanner obtains two types of images: panoramic and spherical. Both types of images have
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an acquisition range of 300°-360° thanks to the three integrated HDR cameras. In addition,
thermographic images can be also obtained (Saha et al. 2022).

The 3D laser scanner used in the present research was the LEICA BLK360 model (Figure
la). The tool has a range of 60 meters in diameter and a point positioning accuracy of 4
mm at 10 m and 7 mm at 20 m. For each station of measure of the scans carried out in
the present research, each point of the cloud was associated with spatial coordinates (x, y,
z) and colour. It was possible to connect more point clouds related to different stations,
by means of a computer postprocessing, in order to obtain a complete 3D virtual model.
Detailed repeatable measurements of quantitative parameters were also accomplished in the
3D model. Each measurement was certified by an error less than 15 mm, as required.

Emitter
Object

Rotating
mirror

FIGURE 1. a) Leica BLK360 laser scanner of the Department of Engineering of
the University of Messina placed on the investigated area. b) Operation scheme
of the laser scanning technology.

The specimen of investigative interest (case study 5) consisted of a block of rock. It was
surveyed in laboratory by means of structured blue light scanning, in order to acquire the
clouds of points for reconstructing the related virtual 3D model.

This technology is used for acquiring three-dimensional data by means of a scanner
that uses the triangulation method for obtaining point clouds from the acquired surfaces
(Barone, Paoli, and Razionale 2012). The camera (Figure 2a) is positioned at different
angles to capture the image of the distorted pattern from the surface of the object. The
technology consists of illuminating the target with a pattern of structured light (usually lines
or dots) and measuring the deformation of this pattern on the surface of the object. The light
source emits a pattern of structured light, projected onto the target to be scanned (Figure 2b).
The deformations of the pattern on the surface are used to calculate the 3D coordinates of
each point of the object. In this way, structured light scanning makes it possible to acquire
a large number of three-dimensional points precisely and quickly, and to reconstruct the
three-dimensional shape of the object with high resolution.

The structured blue light scanner used in the present research was the ATOS Compact
Scan 500-2M (GOM) (Figure 2a). With the configuration used, the scanner guaranteed a
resolution of 0.02 mm and a volume box of about 0.3 m of side. The technical data for the
GOM ATOS hand scanner system includes a measuring field of 500x380 mm?, a camera
resolution of 1624x236 pixels, and measuring point distances ranging from 75 to 309 um.
The system uses a power factor correction of 95 % and a resolution of 0.02 mm.
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FIGURE 2. a) ATOS Compact Scan 500-2M (GOM) of the Department of Engi-
neering of the University of Messina. b) Operation scheme of the blue structured
light technology.

The cleaning of the data related to the point clouds acquired by means of both tech-
nologies, i.e. the removing of points that can be considered “noise” (such as vegetation
if the target is only the ground) or that do not belong to the surface of the object, may be
realized manually or with the aid of automatic data processing algorithms (Wand et al.
2008). There are several techniques that can help reduce or mitigate the noise caused by
vegetation movement in outdoor laser scans:

i Data filtering: applying filters to raw laser scan data can help remove noise caused
by moving vegetation. For example, distance-based or intensity-based filters can be
used to remove points that do not meet certain criteria. Additionally, advanced filtering
algorithms such as density-based outlier filters can be employed to specifically identify
and remove vegetation-related noise (Wand et al. 2008).

ii Noise reduction through smoothing: smoothing involves applying a moving average
or weighted average to scan data to reduce noise. This technique can help preserve the
overall features of the scene while eliminating minor fluctuations caused by vegetation
movement (Wand et al. 2008).

iii Multiple acquisition: conducting multiple scans of the same area at different times and
combining them can help reduce noise due to vegetation movement. By comparing dif-
ferent scans, discrepancies caused by temporary vegetation movements can be identified
and removed (Wand et al. 2008).

By considering these techniques, it was possible to manage and reduce the noise caused
by vegetation movement in outdoor laser scans, thereby improving the quality and reliability
of the acquired data. Once the three-dimensional reconstruction of the target is carried out,
considering also the eventual noises, it is possible to elaborate topographic maps from the
models. This can be realized by using triangulation algorithms or by using 3D modelling
software (Rusman and Popova 2020). Once the surface of the object has been reconstructed,
the desired topographical information provided of quantitative parameters (such as altitude)
can be extracted.
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3. Case studies

The investigated sites of case studies 1-2-3-4 were located in the open countryside of
the Mediterranean bush, where the geological outcrops were characterized by siliciclastic
terrains (yellow ochre quartz arenites and pelites) belonging to the domain of the Numidian
Flysch. The places were characterized by a hilly landscape with gentle slopes. For each
study place, the survey by means the laser scanner was carried out in the field using a
different number of measure stations on the ground, based on the shape and size of the
site in order to guarantee a complete cover of the area. The stations were reported in the
figures with red dots, whereas dotted lines were used to represent the connections among
the stations, allowing to merge the different clouds acquired in the various stations in a same
spatial system by using of dedicated software. The investigated block of rock, reported in
case study 5, was composed of quartz arenites collected at crime scene and examined by
structured blue light scanning in laboratory. For each survey, 3D point clouds and 360°
photos were acquired.

3.1. Case study 1. For the acquisition of this area, six different scans were carried out
(Figure 3). The distribution of the stations was irregular on the slope. The ground was
irregular and stations were aligned mostly along the slope, with stations SW3, SW4, and
SW6 defining a triangle in the area of major investigative interest. The first station was 4.44
meters from the second one, the second station was 1.72 meters from the third one, the third
station was 4.41 meters from the fourth one, the fourth one was 2.56 meters from the fifth
station, and this latter was 3.38 meters from the sixth station. The connections between the
second and fourth, third and sixth, third and fifth stations were further strengthened. The
robustness of the survey acquired, with a value of 65%, was sufficiently satisfactory. The
maximum error relative to the entire group was 0.011 meters with an overlap between the
various clouds equal to 24%.

FIGURE 3. Case study 1. a) Photograph of some areas of the scene. b) Ortho-
graphic view of the point cloud of case study with stations. Symbol: the red dot
indicates the station of measure of the scanner.

3.2. Case study 2. For the acquisition of this area, three different scans were carried out
(Figure 4). The distribution of the stations was irregular on the slope and were placed
defining a triangle in the area of major investigative interest. Station one was 4.48 meters
from station two, station two was 1.62 meters from station three, and station three was 3.47
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meters from station one. The robustness of the survey acquired, with a value of 90%, was
very satisfactory. The maximum error relative to the entire group was 0.012 meters with an
overlap between the clouds equal to 24%.

The relief, represented by an irregularly shaped triangle, frames the area of interest
within it.

FIGURE 4. Case study 2. a) Photograph of some areas of the scene. b) Ortho-
graphic view of the point cloud of case study with stations. 2. Symbol: the red
dot indicates the station of measure of the scanner.

3.3. Case study 3. For the acquisition of this area, nine different scans were carried out
(Figure 5). The distribution of the stations was irregular on the slope. The stations 1-4 were
aligned along the slope, whereas stations 5-9 were arranged along an irregular polygon,
delimiting the area of investigative interest (Figure 6). The first station was placed in the
highest zone of the surveyed area and was at 8.76 meters from the second one, the second
station was 8.15 meters from the third one, the third station was 9.05 meters from the fourth
one, the fourth station was 14.48 meters from the ninth one and 9.84 meters from the fifth
one, the fifth one was 9.63 meters from the sixth one and 14.39 meters from the ninth
station, the sixth station was 18.36 meters from the seventh station, the seventh station was
13.91 meters from the eighth station, the eighth station was 16.44 meters from the ninth one,
the ninth station closed with the fourth, fifth, and sixth stations in order to strengthen the
connections and further reduce errors. The robustness of the survey acquired, with a value
of 81%, was very satisfactory. The maximum error relative to the entire group was 0.012
meters with an overlap between the various clouds equal to 33%.

Topographic map (Figure 6b) and cross section (Figure 6¢) were elaborated from the 3D
model (Figure 6a).
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FIGURE 5. Case study 3. a-b) Photographs of some areas of the scene. c)
Orthographic view of the point cloud of case study 3 with stations. Symbol: the
red dot indicates the station of measure of the scanner.
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Cross section A-B

FIGURE 6. Reconstructions of case study 3. a) Orthographic view of the point
cloud of case study. b) Topographic map with contour lines at 250 mm (altitude
was relative). ¢) Cross section.
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3.4. Case study 4. For the acquisition of this area, six different scans were carried out
(Figure 7). The distribution of the stations was irregular on the slope. Stations 1-3-5-6 were
arranged along an irregular polygon, delimiting the area of major investigative interest. The
first station was 9.06 meters from the second one, the second station was 10.15 meters from
the third one, the third station was 11.59 meters from the fourth one, the fourth station was
8.12 meters from the fifth one, the fifth station was 14.75 meters from the sixth one, and
the sixth station was 13.07 meters from the first one. In post processing the connections
between stations 1-4, 1-3, 3-5, 3-4, 4-2, 4-5, 2-6, 5-6, 6-1 were made, strengthen links and
reduce any errors to acceptable values. The robustness of the survey acquired was 71%.
The maximum error relating to the whole group was 0.015 meters with an overlap between
clouds equal to 23%. Topographic map (Figure 8a) and cross sections (Figures 8b, 9) were
obtained by point clouds and 3D model (Figure 8c).

swab

FIGURE 7. Case study 4. a) Photograph of some areas of the scene. b) Ortho-
graphic view of the point cloud of case study with stations. Symbol: the red dot
indicates the station of measure of the scanner.

FIGURE 8. Reconstructions of case study 4. a) Topographic map with contour
lines at 100 mm (altitude was relative). b) Cross sections. ¢) 3D virtual model
obtained by point clouds. Symbol: yellow dot corresponding to the location of
sample 1 (Figure 9).
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FIGURE 9. Cross sections and angles of the slope.

3.5. Case study 5. The case study 5 was devoted to the reconstruction of the three-
dimensional virtual model of a block of rock of investigative interest, related to the scene
presented in case study 4. The three-dimensional information was acquired in laboratory by
means of a scanner and the triangulation method. The scans were made from three different
angles and aligned using markers. Point clouds were obtained by means of a tessellation
process and converted into a polygonal mesh. The tessellation process created a network
of polygons captured by the scanner. This network of polygons allowed to creating the
detailed three-dimensional virtual model of the study target, with a high level of detail due
to the high resolution of the scanner used (Figure 10).

10mm

N N -

FIGURE 10. Reconstruction of the specimen of case study 5. 3D virtual model
related to a block of quartzarenite acquired by means of the blue structured light
technology in laboratory. The model allows to observe details present on the
surface such as the two systems of joints cross-cutting the rock.
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4. Discussion and conclusions

Two different modern technologies, laser scanning and structured blue light scanning,
were applied for acquiring points in 3D space from real crime scenes and geological
evidence, respectively. Different investigative places, large outdoor spaces (case studies
1-2-3-4), and a block of rock (case study 5) collected from the scene of case study 4, were
investigated and discussed.

The two applied technologies highlighted as, depending on the difference in size and
required resolution of the data, analogous 3D scanning technologies may be differently
used. If the laser scanning is suitable for the acquisition of both outdoor and indoor large
spaces (m to dam) with precision of the measure of the order of 1 mm, the structured blue
light scanning is more suitable for the acquisition of small sized objects (cm to dm) with an
accuracy of 200 pum.

From the descriptions of the case studies 1-2-3-4, it was evident that all of them required
the scanning of an area from different stations (n. 6, 3, 9, and 6 stations, respectively)
varying distances between stations in order to obtain a complete three-dimensional surface
survey. In all cases, laser scanning technology resulted able to acquire accurate data even in
the presence of vegetation. The robustness of the acquired survey in all cases was considered
satisfactory, being values ranging from 65% to 90%. These case studies demonstrated the
effectiveness of laser scanning technology in surveying complex surfaces outdoor and the
importance of properly planning the station positioning for achieving an accurate survey
able to detect all the target of interest. Consequently, one of the main advantages of the
use of laser scanning technology in forensics is represented by the possibility of faithfully
reproducing the crime scene, offering excellent results also in terms of quantitative measures
of specific evidence and time. Notwithstanding, 3D laser scanning, especially when it is
applied to survey sites in the countryside, may also present some disadvantages. Among
them, the noise that can be caused by the constant movement of vegetation due to wind or
other environmental factors. The 3D technologies applied in the present research proved
to be particularly effective in the study of the reported investigative cases both allowing to
acquire point clouds provided of the adequate precision and guaranteeing repeatability and
non-destructiveness of the tests.

The point clouds, creating a faithful reproduction of the spaces at the time of acquisition,
allowed to realize the 3D virtual models of the analysed crime scenes by laser scanning and
geological evidence by structured blue light scanning, even after the judicial inspection,
offering the possibility to coroners, other forensic experts, and judicial authority, to evaluate
physical evidence over time and better ascertain the possible compatibility with lesiveness
of the victims, the interactions of the victims with the places, and the event dynamics. The
research evidenced the advantages of using these modern technologies in order to assist
investigators in: i) providing 3D virtual models for reconstructing even complex crime
scenes occurred outdoor; ii) reconstructing of the dynamics of events, and iii) individuating
possible interactions between the actors of the scene and the surrounding places.
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